After an initial screening of ingredients and production methods, nanoemulsions for ocular administration of timolol containing the drug as maleate (TM) or as ion-pair with AOT (TM/AOT) were prepared. The physico-chemical characterisation of nanoemulsions, regarding mean diameter, pH, Zeta potential, osmolarity, viscosity and surface tension, underlined their feasibility to be instilled into the eyes. Single components and emulsions were tested ex vivo on rabbit corneas to evaluate corneal irritation, that was measured according to opacity test. A marked decrease in corneal opacity was observed using the drug formulated in nanoemulsions rather than in aqueous solutions.
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Introduction
Ophthalmic application of drugs is the primary and patient well-accepted administration route for the treatment of various eye diseases.
Conventional liquid ophthalmic formulations demonstrate low bioavailability owing to a constant lacrimal drainage in the eye. Typically, ophthalmic bioavailabilities of only 1-10% are achieved due to the short precorneal residence time of solutions (Lee, 1993) . Consequently, there is a need for frequent instillation of concentrated solutions to obtain the desired therapeutic effect. Moreover, systemic absorption of the drug drained through the nasolacrimal duct may result in some undesirable side effect.
To increase the effectiveness of the drug, the choice of the dosage form that should increase the contact time of the drug in the eye, increase the bioavailability and reduce systemic absorption is very important (Ammar et al, 2009 ). In literature, various ophthalmic vehicles such as suspensions, ointments, inserts and aqueous gels have been investigated to extend the ocular residence time of drugs for topical application to the eyes (Desai et al, 1994) . These systems offer some improvement over conventional liquid vehicles, but they have not universally accepted owing to a few problems such as blurred vision and lack of patient compliance. Therefore good ocular bioavailability following topical delivery of a drug to the eye remains a challenge yet to be resolved satisfactorily (Felt et al, 1999) .
TM is widely used as a topically applied β-adrenergic-blocking agent in ophthalmology to lower the intraocular pressure of glaucoma patients. It is well known that ocular administered TM may cause severe cardiovascular, respiratory and central nervous system side effects. To overcome these problems, various studies have been carried out: these included the use of stimuli-sensitive hydrogels (Gupta and Vyas, 2010) , ocular inserts (Saettone and Salminen, 1995) , ion pair (Higashiyama et al., 2004) , microemulsions (Gallarate et al., 1988) , niosomes (Aggarwal and Kaur, 2005 ).
Gupta et al (Gupta and Vyas, 2010) used polyacrylic acid as gelling agent in combination with chitosan as a viscosity-enhancing agent to formulate pH-sensitive gel. This in situ gelling system was in liquid state at room temperature at pH 6.0 and underwent rapid transition into the viscous gel phase at the pH of the tear fluid (pH 7.4). The in situ gelling system prepared with 0.4% Carbopol® and 0.5% chitosan prolonged the residence time of TM in the cul-de-sac and increased its bioavailability compared to a commercial TM solution. Moreover, this formulation decreased the drug systemic absorption.
Wadhwa et al. (Wadhwa et al., 2010) carried TM and dorzolamide hydrochloride in hyaluronic acid modified chitosan nanoparticles to promote a better interaction with ocular epithelium and to deliver the drug at ocular mucosal sites with longer residence time. Mucoadhesion strength study depicted that chitosan nanoparticles possess mucoadhesiveness which was increased by addition of hyaluronic acid. Transcorneal permeation studies showed a many fold increase in drug permeation from nanoparticles as compared to that of a marketed formulation.
In the last decade, O/W emulsions have been investigated and are now exploited commercially as vehicles to improve the ocular bioavailability of lipophilic drugs (Tamilvanan and Benita, 2004) .
The natural biodegradability and substantial drug solubilization, either at the innermost oil phase or at the O/W interphase and the improved ocular bioavailability are thus making lipid emulsions promising ocular delivery vehicles.
In this work TM was introduced in an O/W nanoemulsion. Nanoemulsions are generally defined as oil-in-water emulsion droplets, with size ranging in the nanometric scale, typically 20-300 nm; these appear to be transparent and translucent with a bluish color for the weak interaction with light and a high kinetic stability (Kabalnov et al., 1996) . The droplets small size gives them inherent stability against creaming, sedimentation, flocculation, and coalescence (Fang et al., 2001 ).
Nanoemulsions can be proposed as ocular eye drops in virtue of their distinct advantages, that include sustained release of the drug applied to the cornea, high penetration in the deeper layers of the ocular structure as well as ease of sterilization (Vandamme, 2002) .
The main goal of the present work was to develop a nanoemulsion as ophthalmic dosage form, selecting the proper components in order to obtain a stable, non-irritating, isotonic formulation. An important aim was also to evaluate the amount of TM permeated from nanoemulsions through the excised cornea in ex vivo experiments. As the main corneal barrier to drug permeation is the lipophilic epithelium, transcorneal permeation of TM had to be enhanced by increasing TM lipophilicity; the contact time of the emulsion with the epithelium should also be enhanced by optimizing the emulsion external phase viscosity and its mucoadhesivity using different polymers.
High molecular weight hydrophilic polymers usually employed as aqueous solutions thickeners owing to their hydrogen bonding capability, such as hydroxyethylcellulose, polyvinylalcohol and polyethylenglycol, were chosen. Chitosan was investigated as cationic polymer thanks to its possible interaction with the negative charges of the mucus. In vitro studies on different nanoemulsions were performed using albino rabbit corneas (Casterton et al., 1996) : eye irritation potential was evaluated by a partially modified corneal opacity test. TM accumulation into and permeation through the cornea were also evaluated. (Camber, 1985) ; Steinhardt medium, a sterile medium for human corneas conservation, was prepared according to a patented formulation (Steinhardt, 2003 Distilled water was purified using a Milli-Q system (Millipore, Bedford, MO, USA). All other chemicals were analytical grade and used without further purification.
Materials and methods

Materials
Corneas
New Zealand male albino rabbits were from slaughter house. The corneas were explanted from rabbit eye-balls, excised within 2 hours after animal death according to a protocol currently used for human corneas transplantation (Banca delle cornee della Regione Piemonte, 2006) . A sclera ring of nearly 4 mm was maintained around the explanted corneas, which were kept at 4±1 °C in sterile Steinhardt medium less than 1 week.
Before corneal opacity test, corneas were assayed for their opacity by using the holder described below in the text, and corneas whose opacity exceeded 0.1 units of absorbance (λ=570 nm) were discarded (Casterton et al., 1996) .
Corneal holders and diffusion chambers
Corneal opacity test was performed on rabbit cornea by using a corneal holder as the one described in figure 1A . It consisted of a Plexiglas and glass structure, with a donor and a receiving compartment (0.65 ml volume), respectively on the epithelial and on the endothelial side of the cornea, which has to be placed in the orifice (area 0.50 cm 2 ) which divides the two compartments.
To minimize the irritation caused to the cornea by the holder itself, according to literature (Ubels et al., 2004 ), a Plexiglas cell was realized so that its o-ring clamped the scleral ring all around the cornea circumference; moreover, the holder structure allowed to maintain the natural cornea curvature. The holder was then housed in a spectrophotometer (Lambda 2 UV/VIS Perkin-Elmer)
for opacity readings with the help of a suitable support, so that the beam crossed precisely the donor, the receptor compartment and the cornea clamped in the holder.
Accumulation and diffusion studies were performed by using a diffusion chamber ( Figure 1B ), analogous to the one described in literature (Camber, 1985) .
Ion pair preparation
The TM/AOT ion pair was prepared by ion pairing method (Ogawa et al., 2002) . Equal volumes of TM and AOT aqueous solutions at the same molar concentration were slowly mixed under magnetic stirring and stored at 5° C for further use. The final concentration was 1.00·10 -3 M for both TM and AOT.
Evaluation of apparent partition coefficient
The apparent partition coefficients (P app ) of TM (1.00·10 -3 M) between water and 1-octanol or IPM in the absence and in the presence of AOT were investigated at pH 5.0 or 7.2 5 ml aqueous solution of TM alone or in the presence of equimolar AOT (at pH 5.0 or 7.2) were added to 5 ml 1-octanol or IPM in a separating funnel. The mixture was shaken for 5 minutes; after phase separating and resting for 12 hours, the aqueous solution was analyzed by high-performance liquid chromatography (HPLC) for TM determination. Each experiment was repeated thrice.
HPLC analysis
TM was determined by HPLC analysis using a system consisting of LC-10AD HPLC pump defined in the presented experiment as the lowest timolol concentration in the curve that can be measured routinely with acceptable precision and accuracy, was 1·10 -5 M; the limit of determination (LOD), defined as the lowest detection limit, was 3.5·10 -6 M (signal to noise 2.0).
Emulsion preparation
After an initial screening of several potential emulsion components (IPM, Dermol® M5 /(capryccaprylic triglyceride) soya oil as lipidic phase; LP E80, Epikuron® 200 (soya lecithin), Phospholipon® 90H (hydrogenated soya lecithin), TW80 and Pluronic® F68 as emulsifying agents), IPM was selected as lipophilic disperse phase, TW80 and LP E80 as emulsifying agents and BK as antimicrobial agent. The resulting formulations are reported in Table 1 . The base formulation (EM1) had the following composition: 5% IPM, 1% LP80, 1.5% TW80, 0.1% EDTA, 0.02% BK, 2.5% glycerol, water q.b. 100%.
Briefly, emulsions were prepared as follows: LP E80 it was first dissolved in IPM and then other components were added. The mixture was mixed for 10 minutes at 15000 rpm with rotational homogenizer (IKA ® T25 Ultra-TURRAX ® , Germany). After adjusting pH of the pre-emulsion to a value of 7.2 with 1M NaOH, it was subjected to high pressure homogenization (Panda, Niro Soavi, Italy) for 3 cycles of 5 minutes at 1000 bar.
Viscous emulsions were prepared as just described using different polymer (low and medium viscosity CS, HEC, PVA 14000 and 85000, PEG 100000) solutions as aqueous phase of the emulsion HEC, PVA 14000 and 85000, PEG 100000 solutions were prepared in hot water under magnetic stirring.
Low and medium viscosity CS solutions were prepared by dissolving an appropriate amount of polymer in hot 1M HCl under magnetic stirring; CS solutions were then dialyzed using Visking ® membranes to remove the HCl in excess.
Drug-containing emulsions were prepared as described above using TM or TM/AOT ion pair as aqueous phase. Each emulsion batch was prepared in triplicate.
Sterile filtration
To obtain sterile formulations, the undiluted emulsions were filtered through Millipore Millex ®-GS MF 0.22 μm (Bedford, MA) assembled to the bottom of a sterile syringe under sterile conditions. The filtrate was collected, diluted with distilled water and analyzed with photon correlation spectroscopy technique. The difference of kcps before and after filtration indicated the filtration feasibility, while the differences of particle size and polydispersity index were used as indicators of physical stability.
Emulsion characterization
Drop mean diameter and polydispersity index were determined in triplicate by photon correlation spectroscopy (90 Plus, Brookhaven Instrument, Holtsville, NY, USA). Measurements were performed at 25°C at an angle of 90°. All samples were obtained by diluting emulsions with filtered water. Scattering intensity data were analyzed by a digital correlator and fitted by the method of inverse Laplace transformation.
Zeta potential measurements were performed using 90 Plus zetasizer (Brookhaven Instrument Holtsville, NY, USA). Measurements were performed on water diluted emulsions adjusting the conductivity to 300 μS/cm by KCl addition.
Emulsion viscosities were determined by capillary viscometer (Shott-Geräte Gmbh, Germany) equipped with k=0.02997 capillary suitable for measuring viscosity in the range between 1.2 and 18 mPa·s. Measurements were conducted at 25±0.1 °C and repeated four times.
Surface tension of each emulsion was determined using a Krüss Interfacial Tensiometer K10 PST (Krüss, Germany) equipped with a platinum ring. Measurements were carried out in triplicate on 20 ml of each emulsion introduced into a thermostatically controlled glass at 25 ± 0.1 °C.
To determine emulsions osmolarity, a Semi-Micro Osmometer K-7400 (Knauer, Berlin, Germany) was used: 150 μl of each emulsion were introduced in the glass capillary and then into the instrument. Measurements were carried out in triplicate.
Stability studies
To verify samples physical stability, emulsions were subjected to centrifugation at 766 g at 25 °C for 4 cycles of 5 minutes (Allegra 64R, Beckman Coulter, USA).
Moreover, two aliquots of the prepared emulsions were stored for 3 months at 25.0 °C and at 40.0°C in sealed eye drop bottles for accelerated stability studies. At predetermined intervals the preparations were subjected to dimensional analysis (LLS) and pH measurements.
Adhesion test
To study the influence of CS on corneal adhesion, an in vitro method was developed.
A gel with the same surface tension of tear fluid (28 dyne/cm) was prepared; the gel had the following composition: 5% HEC, 1% decylpolyglucoside, 3% hyaluronic acid, water q.b. 100%.
The gel was spread on a 50x10 cm glass support and kept to rest until hardening was reached.
25 µl of each sample were placed onto the shorter side of the hardened gel and the support was sloped of 18°. The time needed to flow over a distance of 25 cm was evaluated for each preparation.
The flow rate was calculated as distance/time (cm/s).
Samples under study: water, EM1, EM2, EM3, EM4, EM5, EM7.
Corneal opacity
Corneal opacity test was performed on albino rabbit cornea adapting the method BPCO widely used for the evaluation of corneal toxicity (Casterton et al., 1996) .
The opacity test was performed by clamping the cornea, through its scleral ring, in the appropriate holder, and filling both the compartments with GBR buffer. Then, in the donor compartment, GBR buffer was substituted by a solution of the irritation standards or by the formulations under study for 1 or 10 minutes. Samples were then withdrawn, the donor compartment was washed three times with GBR buffer and equilibrated with the same buffer for at least 15 minutes. Opacity was measured by determining the absorbance of the cornea (λ=570 nm) clamped in the holder, before and after incubation with standards or formulations.
Samples under study: solutions of single emulsion components (0.015% BAK, 2.0% PVA 14000, 1.0% PVA 85000, 0.5% low-viscosity CS, 0.8% medium-viscosity CS, 1.0% PEG 100000, 0.2% HEC) and of irritation standards (1M NaOH, 1.5% TW80), blank (EM1, EM2, EM3, EM4, EM5, EM6, EM7) and drug-loaded (EM8, EM9, EM10, EM11) emulsions. GBR buffer was used as control.
Accumulation and diffusion studies
Accumulation and diffusion studies were performed by using a diffusion chamber analogous to the one described in literature (Camber, 1985) .
Corneas were mounted between the two halves of the diffusion cell: the diffusion available area was 0.63 cm 2 , the donor compartment (0.8 ml) was filled with TM and TM/AOT-loaded formulations, while the receptor compartment (3 ml) was filled with GBR buffer. The diffusion chamber was kept at 35±1 °C. After 1, 2 and 3 hours, drug permeated through the excised cornea was determined by HPLC analysis of the receiving phase. The integrity of the epithelium after the experiment was checked by optical microscopy observation. No oxygenation of the perfusion apparatus seemed to be needed, according to the short experiment time, as described in some literature reports (Ahuja, 2006 , Han et al., 2010 . Drug accumulation was evaluated by HPLC analysis: after 3 hours the drug was extracted from corneas with H 2 O/CH 3 OH/N(CH 3 CH 2 ) 3 70/30/0.1 (V:V) overnight, after careful removal of the corneas from diffusion cells and washing with tap water (Hung-Hong et al., 1996) .
Each determination was carried out on six corneas.
Samples under study: TM and TM/AOT solutions at pH 5.0 and 7.2, emulsions EM8, EM9, EM10
(only accumulation study), EM11.
Statistical analysis
The statistical comparison was performed by a Student t-test with p-value < 0.05 as the significant value.
Results and discussion
Emulsion preparation and characterization
The first phase of this research was aimed to formulate an O/W nanoemulsion and to evaluate the influence of the ingredients on physico-chemical characteristics and on the stability of the emulsion to be proposed for ophthalmic application.
Preliminary screening on several lipids (IPM, soya oil, Dermol®M5) phospholipids (LP E80, Epikuron® 200, Phospholipon® 90H) and surfactants (TW® 80 and Pluronic® F68) was carried out to optimize emulsion composition regarding its physical stability. The results of this formulative section evidenced IPM as the most suitable lipid to be used as disperse phase; this lipid, present in the European Pharmacopoeia, is commonly employed as an excipient in topical formulations (Badmapriya and Rajalakshmi, 2010) and it is also adopted as a drug penetration promoter in transdermal or topical formulations (Suh and Jun, 1996) . 5% w/w disperse phase was used, a value normally used in ophthalmic emulsions, to avoid blurred vision (Tamilvanan and Benita, 2004) .
LP E80, a mixture of phospholipids derived from egg yolk and TW 80, a nonionic surfactant and emulsifier widely used in ocular preparations classified as practically non-irritating (Hussein et al., 2009 ) were used as emulsifiers.
To increase emulsion viscosity, the following polymers were selected and used at different concentrations: low viscosity CS, medium viscosity CS, medium viscosity HEC (Ludwig, 2005) , PVA 14000, PVA 85000 (Thermes et al., 1992) , PEG 100000. Moreover, the important role played by CS in mucoadhesion has been described in literature (Gordon et al., 2010) Emulsion compositions are reported in Table 1 . As the aim was to perform a preliminary study on the possibility of TM TM/AOT to be loaded in nanoemulsions, and to evaluate the influence of chitosan on drug corneal diffusion and accumulation, independently of its viscosity, only the base composition emulsion and that containing low-viscosity CS were prepared in the presence of the drug. TM concentration in each emulsion was always 1.00•10 -3 M. Formulations were characterized determining mean diameter of oil droplets, pH, Zeta (ζ) potential, osmolarity, viscosity (η) and superficial tension (γ). Results are summarized in Table 2 . Mean diameters, surface tension and osmolarity values were quite similar in all emulsions prepared. All emulsions showed an initial pH of about 2.8. Emulsions without CS were adjusted to the physiological pH value 7.2, except than for CS-containing emulsions (EM2, EM3, EM9, EM10) that were brought to pH 5.00 to avoid CS precipitation at higher pH values.
The presence of the different polymers determined only a slight increase in mean diameters, which remained below 100 nm, allowing the maintainance of a nanostructured system. The viscosity of EM1 was 1.58 mPa s and increased up to 2.5 times depending on polymer type and concentration, except than in the presence of CS, which seemed not to influence emulsion viscosity. Because the adequate viscosity for ophthalmic preparation is considered to be from 2 to 3 mPa s (Tamilvanan and Benita, 2004) , all lipid emulsions prepared with different polymers can be considered appropriate to be instilled into the eyes.
Surface tension of emulsions was in the 31.3-31.9 mN/m range, slightly lower than the tear fluid.
This result was expected because the surfactants used in their preparation lower the oil-water surface tension. Although tear film is destabilized when surface tension of ophthalmic dosage forms is much lower than its surface tension, which is between 40 and 50 mN/m (Ciba-Geigy, 1977 , Tiffany, 2006 , lower surface tension values in emulsions generally ensure a good spreading effect on the cornea and mixing with the film constituents, increasing the contact between the drug and the corneal epithelium (Hasse and Keipert, 1997, Ligório and daSilva-Cunha, 2004 ).
Emulsions without CS had a negative Zeta potential mainly due to the charge of phospholipids present at the interface. On the other hand, in emulsions EM2, EM3, EM10 and EM11, CS determined a positive charge on the droplet surface and consequently positive Zeta potential. CS positively-charged amine groups could interact with the negatively charged mucous layer conferring a mucoadhesive characteristic and prolonging contact time with the ocular surface (Felt et al., 1999 , Wei, et al., 2011 . In vitro evaluation of polymer bioadhesion, expressed as the force required to separate a polymer specimen from a freshly excised rabbit conjunctival membrane can be measured by using a precision balance. (Indu and Meenakshi, 2002) In the present work, an alternative in vitro method not involving animal sacrifice was adopted.
In Figure 2 results of adhesion test are reported. The aqueous solution presented the highest flow rate on the gel surface, probably predicting a rapid in vivo distribution on corneal epithelium due to its low viscosity and a consequent fast drainage and elimination. All emulsions tested presented lower flow rates than the aqueous solution owing to the presence of a disperse structure. When a polymer was added, only a certain decrease in flow rate was noted, probably due to a slight increase in viscosity; the up to 3-fold decrease in flow rate obtained in the presence of chitosan (EM3) seems to be mainly due to its adhesive properties rather than to an increase of the viscosity (as reported in Table 2 ). The decrease of flow rate might imply an increase of the contact time with corneal epithelium.
Osmolarity of tear fluid is between 280 and 293 mOsm; solutions with osmolarity lower than 100 mOsm or higher than 640 mOsm are considered irritants (Van Ooteghem, 1993) . Hence all emulsions have osmolarity values well-tolerated by the eye.
Stability studies
To evaluate the physical stability of the different systems, emulsions were subjected to 4 cyclecentrifugation at 766 g for of 5 minutes each: no sample showed signs of phase separation; similar results, obtained also in the presence of TM and TM/AOT, indicated that drug loading did not cause system destabilization.
Over time-stability studies were carried out 3 months measuring mean diameters and polydispersity index of different emulsions stored at 25.0 °C and at 40.0 °C in sealed glass eye-drop bottles. As reported in Figures 3A and 3B , at 25 °C all samples subjected to dimensional analysis did not exhibit significant increases in droplet sizes, except than EM5, EM6 and EM7 containing PVA 14000, PVA 85000 and PEG 100000 respectively, which showed the greatest size increase. Such trend was partially confirmed at 40 °C: after 6 month-storage EM5 and EM6 showed mean diameter increase up to 140 nm. In all other cases, at both storage temperatures, mean sizes still remained lower than 100 nm, so that the systems under study were considered as stable nanoemulsions.
Emulsions were also subjected to pH measurements at the same times to assess possible changes over time. As observed in Table 3 , in all emulsions a slight decrease in pH value was observed, but within the accepted range of pH for ophthalmic administration. It is assumed that the pH decrease is due to the formation of free fatty acids from lecithin (Herman and Groves, 1992) . The main degradation process is related to the hydrolysis of the diacyl phosphatidylcholines and diacyl phosphatidylethanolamines to their corresponding monoacyl (lyso) derivatives and free fatty acid moieties. In turn, the lyso derivatives can degrade to their corresponding glycerophosphoryl compounds, with the formation of additional fatty acids. The emulsion systems are unbuffered and the formation of fatty acids will inevitably lower the pH from the initial value.
The basic requirement for ophthalmic formulations is sterility (Furrer et al., 2002) ; as a preliminary test, conducted by heating the emulsions in autoclave at 121° C for 15 minutes, led to complete phase separation, emulsions were submitted to sterile filtration using a 0.22 µm Millipore filter.
After sterilization, all emulsions underwent only slight reductions (max 15%) in mean diameters as reported in Table 4 . Therefore emulsions can be subjected to sterilization by filtration.
Corneal opacity
Bovine corneal opacity and permeability (BCOP) test is an in vitro irritation test proposed in literature (Casterton et al, 1996; Gautheron et al., 1992) : it measures the irritation caused by substances and formulations after exposure to bovine corneas, by evaluating the increase in corneal opacity and in corneal permeability. The evaluation of common standard irritants provides an empirical irritation scale. The bovine cornea opacity and permeability assay, from which our method was adapted, measures two important components of ocular irritation affecting the cornea, opacity and permeability. Irritant-induced opacity, which is experimentally determined by the amount of light transmission through the cornea, is an indicator of protein denaturation, swelling, vacuolization or damage in the epithelial and/or stromal layers.
In the present study, only corneal opacity test was performed and rabbit corneas were used, owing to the easy of handling, inexpensiveness and availability of rabbit eyes. Moreover, they are generally more susceptible to irritating substances that the eyes of humans (Wilhelmus, 2001 ).
Each formulation was compared with a standard of irritation (1 M NaOH) and with GBR buffer.
In Figure 4 the variations of cornea absorbance after exposure are reported. It can be observed that while GBR buffer, as expected, had no irritation power, 1 M NaOH induced a considerable increase (0.8) in absorbance after 10 min exposure and thus serious opacity of the cornea (Casterton et al, 1996) . Aqueous solutions of BK, TW 80 and various polymers at the same concentration used in the emulsions induce only a slight increase in opacity (Δabs always lower than 0.3) and this effect seems to be attenuated in the emulsive systems (Δabs always lower than 0.1), which played a protective role.
In Figure 5 the variations of cornea absorbance after exposure of TM and TM/AOT containing aqueous solutions and nanoemulsions are reported. After 1 minute exposition, almost no irritation effect was noted among all systems under study; indeed, neither drug-carrying emulsions, nor TM aqueous solutions determined significant increase in corneal opacity when compared with GBR solution (Δabs always lower than 0.05). After 10 minutes, all emulsion systems produced only a slight increase in Δabs, which remained lower than 0.05, other than TM and TM/AOT aqueous solutions (Δabs up to 0.2). This results could confirm a certain protective effect of nanoemulsions against corneal irritation
Accumulation and diffusion studies
TM accumulation and corneal diffusion studies were carried out after 1 and 3 hours application.
EM8 and EM9 (without CS) and EM10 and EM11 (with CS) containing both TM and TM/AOT respectively, were analyzed ( Figure 4 ) and compared with TM and TM/AOT aqueous solution at the same concentration and pH. The attention was focused on CS-containing emulsions to evaluate if the mucoadhesive properties of CS itself can influence TM permeation and accumulation, excluding an eventual viscosity influence, as no increase in viscosity was noted in the presence of CS, differently from other polymer used (Table 2 ).
The amounts of TM diffused through the cornea over time are reported in Fig. 6 .
As can be observed, both in aqueous solutions and in nanoemulsions, the diffusion rate of TM In Table 5 TM apparent partition coefficients P app (IPM/water and octanol/water) are reported. The increase of octanol/water P app of TM/AOT ion pair respect TM was almost 40 times at pH 7.2 and 80 times at pH 5.0 and underlined the actual lipophilization of the drug.
Comparing EM8 (containing TM) with EM9 (containing TM/AOT), both at pH 7.2, only a slight increase in the flux (from 1332 to 2025 ng/cm 2 /h) was noted, indicating that the lipophilicity enhancement of the ion pair is counterbalanced by its pronounced partition in the disperse phase of the nanoemulsion (Table 5 ).
In addition, the introduction of CS counter in the emulsion containing TM/AOT at pH 5.0 (EM11) produced the highest diffusion rate (flux 12155 ng/cm 2 /h) ( Figure 6 ). This effect is probably due to positive charges (+16.45 mV Zeta potential) conferred by CS to the droplets, which allows interactions with the negative charges of mucin and consequently a stronger bioadhesion on the precorneal area (De la Fuente et al., 2010 , Wei, J. et al., 2011 .
Analyzing 3-hour drug accumulation in the corneal tissue, it can be observed ( Figure 7 ) how the presence of ion pair facilitates the drug accumulation from aqueous solutions, with a statistically significant difference, probably due to the higher ion pair lipophilicity and consequently to its higher affinity for the lipophilic epithelium of the cornea.On the contrary, at both pH values, the presence of TM/AOT in emulsive systems seems not to positively influence TM/AOT ion pair accumulation when compared with the corresponding aqueous solutions, probably as a consequence of ion pair partition in the lipophilic disperse phase.
Conclusions
This work focused the possibility of using oil-in-water nanoemulsions as a drug delivery system to the eye.
Initial screening on the safety of components and on production methods led to a range of stable, biocompatible, sterilizable and non-irritating nanoemulsions. The formulations were stable over time at 25 °C and 40 °C and showed properties such as pH, ζ potential, osmolarity, viscosity and surface tension suitable for ocular administration.
The use of thickening and/or mucoadhesive polymers (CS, HEC, PVA, PEG) significantly increases the viscosity of the preparation which could therefore presumably achieve in vivo a prolonged residence time on the preocular surface.
Hydrophobic ion pairing of timolol with AOT led to a significant increase of corneal permeation of the drug both in solutions and in emulsions.
Furthermore, the presence of chitosan in nanoemulsions led to a marked increase in drug permeation, probably due to interactions with the negative charges present on the eye surface.
In conclusion, the biodegradability and ocular tolerability of the components, the droplet sizes in the nanometer range, the possibility of sterilization and a good long term stability of the developed formulations make the lipid nanoemulsion a promising drug delivery system for ophthalmic application. 
